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Over the past decade, more than 100 pub-
lished studies have reported statistically signif-
icant increased risk of mortality associated
with acute particulate air pollution exposures.
Most of these studies have limited their analy-
ses to deaths on the day of and the 1–2 days
after exposure. This observed increase in mor-
tality may represent the advancement of
death by only a few days of people who were
about to die (mortality displacement or har-
vesting). In complementary analyses of data
from Philadelphia, Pennsylvania, and Boston,
Massachusetts, Zeger et al. (1999) and
Schwartz (2000a) estimated the effects of par-
ticle pollution on mortality independent of
harvesting effects; they each found that par-
ticulate air pollution association with mortal-
ity increased in magnitude as the follow-up
period increased. Applying distributed lag
models to daily particulate pollution and mor-
tality in 10 U.S. cities, Schwartz (2000b)
found that the net estimated effect of particles
on mortality over 6 days of follow-up was
more than twice as large as the estimated effect
for 1 day of follow-up. In a pooled analysis of
10 European cities, Zanobetti et al. (2002)
found statistically significant associations of
particulate pollution with mortality over the
5 weeks after exposure, and a net effect on
mortality over the subsequent 40 days that was
twice as large as the single-day estimate.
The evidence from historical acute epi-
sodes also suggests extended air pollution
effects on mortality. In the London smog of
1952 [Her Majesty’s Stationery Office
(HMSO) 1954], mortality increased by 4,000
deaths over the 7-day period of the smog, and
was twice as high in the week after the air
cleared than during the week before the smog
episode. Bell and Davis (2001) have recently
argued that mortality rates remained elevated
for 3 months after the smog episode, with an
additional 8,000 excess deaths.
In the early 1940s, Leonard et al. (1941)
reported an average lag of 5 weeks between
air pollution exposure episodes and increased
mortality in Dublin, Ireland. More recently,
Goodman (1999) and Goodman et al. (1999)
reported increased mortality in Dublin associ-
ated with particulate air pollution lasting for
several weeks after exposure.
In response to concerns regarding frequent
winter air pollution episodes, the sale, market-
ing, and distribution of coal were banned
within Dublin city starting 1 September 1990.
Particulate air pollution levels fell immediately
by 70%. Clancy et al. (2002) reported that
mortality also fell by an amount larger than
expected based on acute time-series studies.
This suggested that the net effects of particu-
late air pollution exposures extended beyond
the few days after exposure.
Other environmental stresses also may
have extended influences on mortality that
have not been adequately considered in air
pollution time-series studies. Hennessy (2002)
suggested that the observed air pollution asso-
ciations in mortality time-series studies might
be the result of uncontrolled confounding by
extended effects of exposure to cold tempera-
tures. To assess the cumulative effects of par-
ticulate air pollution on daily mortality over
an extended postexposure period, we applied
distributed lag models to black smoke and
daily mortality in Dublin in the 40 days after
exposure. To address possible confounding by
extended effects of cold temperatures, we
simultaneously assessed the effects of tempera-
ture over the same period.
Methods and Data
Daily black smoke (BS) air pollution concen-
trations were measured at six residential mon-
itoring stations in the city of Dublin (Dublin
County Borough) starting on 1 April 1980
and continuing through 31 December 1996.
In a previous analysis, Goodman (1999)
showed no signiﬁcant sulfur dioxide associa-
tion with daily mortality detectable in the
Dublin data independent of the BS associa-
tion. Daily mean BS concentrations were cal-
culated as the average of the site-specific
measurements. For 43 days with no BS mea-
surements, concentrations were estimated as
the average of the prior and subsequent days.
Daily minimum temperatures (degrees centi-
grade) and daily mean relative humidity 
(percent) were measured at Dublin airport.
Daily counts of death of Dublin residents,
who died within the city, were calculated
for total nontrauma deaths [International
Classification of Diseases (ICD-9; 1978) for
ICD-9 codes < 800], for cardiovascular causes
(ICD-9 codes 390–448; 46% of all deaths),
respiratory causes (ICD-9 codes 460–496,
507; 14% of all deaths), and “other” causes
(total nontrauma deaths minus cardiovascular
and respiratory deaths). Daily deaths were also
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Air pollution exposure studies in the past decade have focused on acute (days) or long-term (years)
effects. We present an analysis of medium-term (weeks to months) exposure effects of particulate
pollution and temperature. We assessed the associations of particulate pollution (black smoke) and
temperature with age-standardized daily mortality rates over 17 years in Dublin, Ireland, using a
polynomial distributed lag model of both temperature and particulate air pollution simultaneously
through 40 days after exposure. When only acute effects (3-day mean) were considered, we found
total mortality increased by 0.4% for each 10-µg/m3 increase in black smoke concentration. When
deaths in the 40 days after exposure were considered, we found a 1.1% increase. For respiratory
mortality, the estimated effect was 0.9% for acute exposures, but 3.6% for the extended follow-up.
We found each increase in current-day temperature by 1°C was associated with a 0.4% increase in
total mortality, whereas each decrease of 1°C was associated with a 2.6% increase in mortality in
the following 40 days. For both temperature and pollution, the largest effects on cardiovascular
mortality were observed immediately, whereas respiratory mortality was delayed and distributed
over several weeks. These effects were two to three times greater than the acute effects reported in
other studies, and approach the effects reported in longer-term survival studies. This analysis sug-
gests that studies on the acute effects of air pollution have underestimated the total effects of tem-
perature and particulate air pollution on mortality. Key words: black smoke, lagged, mortality,
pollution, temperature. Environ Health Perspect 112:179–185 (2004). doi:10.1289/ehp.6451
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years (27%), and ≥ 75 years (50%). There
were 80,307 deaths over the study period,
averaging 13.1 deaths/day. To adjust for
changes in the age distribution of the Dublin
population, we calculated the directly age-
standardized death rate for each day of the
study (Clancy et al. 2002).
Respiratory disease (inﬂuenza) epidemics
produce excess deaths that vary between
years. There was no surveillance system for
influenza epidemics in Ireland, so we con-
structed an indicator for respiratory disease
epidemics from mortality data from the entire
Republic of Ireland following methods used
in the United States (Braga et al. 2000). Daily
pneumonia and influenza deaths for all of
Ireland were tabulated and the 95th per-
centile of the distribution calculated. Days on
which the 14-day running average of pneu-
monia and influenza deaths was above the
95th percentile were designated as “epidemic”
days. Six respiratory disease epidemics were
identiﬁed over the seventeen years considered
(December 1980/ January 1981, March
1985, February/March 1986, December
1989/January 1990, November 1993, and
December 1995/January 1996). These epi-
demic periods were concordant with inﬂuenza
epidemic identified by a surveillance system
in England, Wales, Scotland, and Northern
Ireland (Fleming et al. 1999).
Analytic methods. We assessed the acute
particulate pollution effects using traditional
time-series analysis of the 3-day moving aver-
age of BS concentrations. We separately
assessed the cumulative net effect of daily
minimum temperature and BS particulate air
pollution exposures on cause- and age-speciﬁc
mortality over the subsequent 40 days using
distributed lag models. The log of age-stan-
dardized Dublin mortality rates was regressed
assuming a Poisson distribution in a general-
ized additive model (GAM; Hastie and
Tibshirani 1990). The GAM allows the use of
smooth functions to control for covariates
such as weather, which may not have a linear
relationship with the outcome.
Dominici et al. (2002) reported the esti-
mated standard errors of the GAM regression
coefficients could be underestimated when
more than one nonparametric smoother was
included. We used only one Loess smoother to
account for seasonal patterns avoiding this
potential problem. Dominici et al. (2002) also
reported that the default convergence criteria
used for GAMs in S-plus and other statistical
software packages were inadequate and recom-
mended stricter convergence criteria, which
were used in this analysis.
Acute particulate pollution model. In the
analysis of the acute effects of particulate pol-
lution exposure (3-day mean BS), Poisson
regression models for the log counts of daily
age-standardized mortality rates were adjusted
for minimum temperatures on the same day
(day of death) and the mean of the minimum
temperature on the previous 2 days, mean rel-
ative humidity on the same and previous day,
plus indicators for day of week and for respi-
ratory epidemics. In sensitivity analyses we
adjusted for the ban on coal sales in Dublin
and separately assessed modification of the
associations by the ban. Models were con-
structed and evaluated separately for total
(nontrauma), cardiovascular, respiratory, and
other causes of death and for age-speciﬁc total
mortality. We expressed the effect as a percent
change in mortality associated with each
10-µg/m3 increase in BS pollution over the
exposure period (3 days), calculated as the
exponential of 10 times the Poisson regression
coefﬁcient minus 1 × 100.
Distributed temperature and particulate
pollution model. The cumulative effects of
temperature and particulate air pollution were
analyzed simultaneously in a GAM including
distributed lag functions for minimum tem-
perature and BS. The approach is based on
the concept that environmental exposures
may produce increased risk of death on the
day of exposure, the succeeding day, or possi-
bly many days after exposure. Thus mortality
on any day may depend on the same-day
environmental exposures, plus a contribution
from environmental exposures on each of the
preceding days.
For Gaussian data, the distributed lag
model can take the form
[1]
where Xq–t is the environmental exposure
(e.g., temperature or particulate pollution) q
days before day of death t (Schwartz 2000b).
The total net effect of an environmental expo-
sure (e.g., particulate air pollution or temper-
ature) is the sum of the estimated effects of
the q subsequent days and can be written as
β0 + …. +βq. Because estimated individual βqs
are unstable due to highly correlated data in
consecutive days, we constrain the βqs to vary
smoothly as a polynomial function of days of
lag. This polynomial distributed lag model
with q lags and d degrees of freedom has the
restriction that
[2]
Almon (1965) introduced polynomial distrib-
uted lag models for Gaussian data, and
Schwartz (2000b) showed that this approach
could be adapted for use in a generalized
additive model. The polynomial model is one
of many models that could be used to con-
strain the distributed lags. Schwartz (2000b)
and Zanobetti et al. (2002) have described the
application of these methods to air pollution
time series analyses.
We estimated the extended effects of mini-
mum temperature and BS particulate air pollu-
tion simultaneously through 40 days with
polynomials of order six. While previous studies
have examined long distributed lag models for
air pollution (Schwartz 2000b; Zanobetti et al.
2000) or temperature (Braga et al. 2002), in
this article we assess both simultaneously. A
sixth-order polynomial was chosen to allow
adequate degrees of freedom to deﬁne the shape
of the distributed lag response. Too many
degrees would induce noise into the response,
too few degrees would constrain the response
curve, and the underlying relationship may not
be observable. A sensitivity analysis was con-
ducted using both fourth- and eighth-order
polynomials. The beta values from both models
were almost identical with the sixth order, giv-
ing the slightly more conservative estimate. A
period of 40 days was chosen based on previous
analysis that suggested the effect was substan-
tially diminished at 40 days after exposure.
(Goodman 1999; Goodman et al. 1999).
The estimate of β at each lag can be deter-
mined from Equation 2. The sum of the βs is
the estimated increase in mortality on the day
of and the 40 days after exposure. The stan-
dard errors for each β and the sum of the βs
are calculated from the covariance of the ηs as
described by Zanobetti et al. (2002).
A Loess smooth of date was ﬁtted to con-
trol for seasonal and long-term trends in the
data. (Cleveland and Devlin 1988; Schwartz
1994). The span for date was adjusted to
minimize seasonality in the deviance residuals
and to minimize the expected value of the
sum of the partial autocorrelations of the
deviance residuals (Schwartz 1994, 2000c;
Zanobetti and Schwartz 2000). Indicators for
the day of the week and respiratory epidemics
were included in the model for both the acute
and distributed lag models.
Initial analysis of the effect of temperature
showed an immediate positive association—
excess deaths associated with hot temperatures
on the same—and negative effects over suc-
ceeding days—increased mortality associated
with cold temperatures distributed over the
subsequent days to weeks. To parsimoniously
model these two temperature phenomena, we
included current-day minimum temperature
plus a polynomial distributed lag for mini-
mum temperature, similar to recent analysis of
mortality versus temperature effects in 11 U.S.
cities (Curriero et al. 2002).
Relative humidity was signiﬁcantly associ-
ated with mortality on the same and previous
day and therefore was modeled by a 2-day
moving average. Separate models were devel-
oped for each cause- and age-speciﬁc mortality
stratum. For each model, the estimated effects
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odds ratios and 95% confidence intervals
(CIs) were calculated and plotted.
We expressed the net effect of temperature
as the percent change in mortality associated
with each increase of 1°C in daily minimum
temperature on the same day, plus the effect of
each 1°C decrease in daily minimum tempera-
ture over the subsequent 40 days, calculated as
the exponential of the sum of the day-speciﬁc
distributed lag Poisson regression coefficient
–1 × 100. We expressed the net air pollution
effect as a percent change in mortality associ-
ated with an increase of 10 µg/m3 in daily
mean BS particulate pollution, calculated as
the exponential of 10 times the sum of the
day-speciﬁc distributed lag Poisson regression
coefﬁcient minus 1 × 100.
All analyses were run in S-Plus (S-Plus 4.5;
MathSoft, Inc., Cambridge, MA, USA) using
the convergence criteria recommended by
Dominici et al. (2002).
Results
Table 1 presents the mean and percentile
distributions of the daily weather, air pollu-
tion measurements, and mortality. Daily
mean BS concentrations averaged 46 µg/m3
(maximum 901 µg/m3) before the ban on coal
sales, and 14 µg/m3 (maximum 198 µg/m3)
after the ban.
Temperature associations. Each 1°C increase
in temperature was associated with a 0.4%
(95% CI, 0.1–0.6%) increase in total non-
trauma mortality on the same day (Table 2).
Each decrease of 1°C was associated with an
increase of 2.6% (95% CI, 2.3–2.9%) over
the next 40 days (Table 2). Most of this excess
mortality associated with cold temperatures
was observed in the first 3 weeks after expo-
sure (Figure 1). The immediate effects of heat
and the delayed effects of cold were stronger
for the older populations compared to those
< 65 years of age (Table 2, Figure 2). In the
younger group (< 65 years) the effects of
lagged cold temperatures were not as pro-
nounced and were of a shorter duration.
There was no association of cardiovascular
mortality with same-day warm temperatures
but there was a cumulative association with
cold temperature. There was an immediate
effect of cold that diminished over the next
three weeks (Figure 3). The net estimated
increase in cardiovascular mortality was 2.5%
(95% CI, 2.0–3.0%) over the next 40 days for
each 1°C decrease in minimum temperature
(Table 2).
There was an estimated 0.8% (95% CI,
0.1–1.5%) increase in respiratory deaths for
each 1°C increase in daily minimum tempera-
ture (Table 2). The associations of cold tem-
peratures with respiratory mortality were
strongest 3 days to 3 weeks after exposure
and fell to effectively zero after four weeks
(Figure 3). Each 1°C decrease was associated
with a 6.7% (95% CI, 5.8–7.6%) increase in
respiratory mortality over the next 40 days
(Table 2).
For other causes of death, a 1°C increase
in minimum temperature was associated with
Article | Lagged exposure effects
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Table 1. Mean and percentile distribution of daily mean air pollution, weather, and deaths per day in
Dublin County Borough for period 1 April 1980–31 December 1996 (n = 6,191 days).
Mean Min 25th 50th 75th Max
BS air pollution (µg/m3)4 0 1 1 0 19 39 901
Weather
Temperature (°C) 6.5 –7.9 3.1 6.6 9.7 18.4
Relative humidity (%) 82 53 76 81 87 100
Deaths per day
Total nontrauma 13 1 10 13 16 44
Respiratory 2.4 0 1 2 3 13
Cardiovascular 5.9 0 4 6 8 27
Standardized death rate/10,000
Total nontrauma 9.22 0.66 7.25 8.93 10.96 28.56
Respiratory 1.33 0.0 0.66 1.32 2.02 9.58
Cardiovascular 4.23 0.0 2.79 4.05 5.04 13.54
Abbreviations: Max, maximum; Min, minimum.
Table 2. Estimated percent increase in mortality (95% CI) associated with each 1°C increase in same-day
mean temperature and cumulative 40-day increase in mortality associated with each 1°C decrease in
mean temperature.
Category Same-day heat effect 40-day cumulative cold
All nontrauma deaths 0.4 (0.1–0.6) 2.6 (2.3–2.9)
Age category (years)
0–64 –0.1 (–0.7 to 0.5) 1.4 (0.7–2.2)
65–74 0.7 (0.2–1.3) 2.8 (2.2– 3.5)
≥ 75 0.3 (–0.1 to 0.7) 3.0 (2.6–3.5)
Cause-speciﬁc
Cardiovascular 0.0 (–0.4 to 0.4) 2.5 (2.0–3.0)
Respiratory 0.8 (0.1–1.5) 6.7 (5.8–7.6)
Other 0.5 (0.5–0.6) 1.5 (0.90–2.0)
Figure 1. Polynomial distributed lag analysis of total
nontrauma mortality versus minimum temperature
adjusted for same-day minimum temperature.
(A) Percent increase in total mortality for each 1°C
increase in minimum daily temperature and
(B)1 0 - µg/m3 increase in daily mean BS for lags
0–40 days ﬁtted with a sixth-degree polynomial.
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Figure 2. Polynomial distributed lag analysis of total
nontrauma mortality versus minimum temperature
adjusted for (A) same-day minimum temperature for
ages 0–64, (B) 65–74, and (C) ≥ 75 years. Percent
increase in total mortality for each 1°C increase in
minimum daily temperature for lags 1–41 days ﬁtted
with a sixth-degree polynomial.
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01 02 0 3 04 0an increase of 0.54% (95% CI, 0.50–0.58%)
on the same day. The lagged effect of cold
temperature persisted for about 10 days
(Figure 3) with each 1°C decrease in tem-
perature associated with a 1.5% (95% CI,
0.9–2.0%) increase in mortality over the
subsequent 40 days.
Black smoke associations. Black smoke was
associated with significantly increased num-
bers of total nontrauma deaths on the same
and subsequent days (Figure 1). We estimated
a 0.4% (95% CI, 0.3–0.6%, p < 0.0001)
increase in total nontrauma mortality associ-
ated with each 10-µg/m3 increase in 3-day
mean BS (Table 3). In the distributed lag
model we found signiﬁcantly increased risk for
total nontrauma mortality for 3 days after
exposure (Figure 1), followed by a suggestion
of decreased risk between 1 and 2 weeks after
exposure, and then signiﬁcantly increased risk
between 2 and 4 weeks after exposure. The net
cumulative effect of each 10-µg/m3 increase in
daily mean BS over the succeeding 40 days was
a 1.1% (95% CI, 0.8–1.3%; p < 0.0001)
increase in the risk of total nontrauma mortality
(Table 3).
We found little effect of BS on total non-
trauma mortality among deaths in the
< 65-year-old population (Figure 4). The esti-
mated net effect of each 10-µg/m3 increase in
BS over the subsequent 40 days was –0.1
(95% CI, –0.6 to 0.5%; p = 0.83) (Table 3).
Among those 65–74 years of age, positive
associations were found in the first 2 days
after exposure, and elevated risk out to
5 weeks after exposure (Figure 4) with a
net effect of 1.6% (95% CI, 1.1–2.1%;
p < 0.0001) (Table 3). This is more than three
times larger than the estimated 0.5% (95%
CI, 0.3–0.8%; p = 0.0003) associated with a
10-µg/m3 increase in 3-day running mean BS
(Table 3).
For those ≥ 75 years of age, we found sig-
nificantly positive risk in the 3 days after
exposure, but a negative association between
7 and 11 days after exposure (Figure 4), sug-
gesting harvesting in this oldest age group.
However, there was then significantly
increased risk from 2 to 3 weeks after expo-
sure, suggesting a delayed elevated risk. We
found the net effect was a 1.4% (95% CI,
1.1–1.8%) increase in risk of total nontrauma
mortality (Table 3), again substantially larger
than the estimated 0.5% (95% CI, 0.3–0.7%;
p < 0.0001) associated with the 3-day running
mean BS (Table 3).
For cardiovascular deaths (Figure 5), most
of the effect of BS exposures was observed on
the day of and the 2 days after exposure. The
net effect of BS on cardiovascular deaths over
the succeeding 40 days was 1.1% (95% CI,
0.7–1.5%; p < 0.0001), more than twice the
estimated 0.4% (95% CI, 0.2–0.7%; p =
0.0002) with 3-day mean BS (Table 3).
For respiratory deaths (Figure 5), we
found that BS exposure was associated with
signiﬁcantly increased risk over the ﬁrst week,
with a suggestion of harvesting (negative asso-
ciations) in the second week, but signiﬁcantly
elevated risk in the third and fourth weeks
after exposure. The net effect of BS on respi-
ratory deaths over the succeeding 40 days was
3.6% (95% CI, 3.0–4.3%; p < 0.0001), more
than four times the estimated 0.9% (95% CI,
0.2–0.7%; p < 0.0001) increased respiratory
mortality risk associated with 3-day mean BS.
For other causes of death (Figure 5) we
found BS exposure was associated with
increased risk in the 3 days after exposure,
significantly negative risk between 1 and 2
weeks after exposure, and little association after
2 weeks. The net effect of BS on other causes
of death during the succeeding 40 days was
–0.2% (95% CI, –0.7 to 02.%; p = 0.29). We
found a similarly small, statistically nonsigni-
ficant association of a 10-µg/m3 increase in 
3-day mean BS with an estimated 0.2% (95%
CI, 0.0–0.5%; p = 0.085) increase respiratory
in death from other causes.
Sensitivity to ban on coal sales. Including
an indicator for the ban in the distributed lag
model produced no change in the estimated
associations with temperature or BS. For exam-
ple, for total nontrauma deaths the cumulative
Article | Goodman et al.
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Figure 3. Polynomial distributed lag analysis of
(A) cardiovascular, (B) respiratory, and (C) other
mortality versus minimum temperature adjusted for
same-day minimum temperature. Percent increase
in cause-speciﬁc mortality for each 1°C increase in
daily minimum temperature for lags 1–41 days ﬁtted
with a sixth-degree polynomial.
▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲▲ ▲ ▲ ▲ ▲▲ ▲ ▲▲ ▲ ▲ ▲ ▲▲ ▲ ▲▲▲ ▲ ▲ ▲ ▲ ▲▲▲▲ ▲▲ ▲
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Table 3. Estimated percent increase in mortality (95% CI) associated with each 10-µg/m3 increase in 3-day
running mean BS and cumulative 40-day association with each 10-µg/m3 increase in BS.
Category Same-day heat effect 40-day cumulative cold
All nontrauma deaths 0.4 (0.3–0.6) 1.1 (0.8–1.3)
Age category (years)
0–64 0.1 (–0.3 to 0.4) –0.1 (–0.6 to 0.5)
65–74 0.5 (0.3–0.8) 1.6 (1.1–2.1)
≥ 75 0.5 (0.3–0.7) 1.4 (1.1–1.8)
Cause-speciﬁc
Cardiovascular 0.4 (0.2–0.7) 1.1 (0.7–1.5)
Respiratory 0.9 (0.5–1.2) 3.6 (3.0–4.3)
Other 0.2 (0.0–0.5) –0.2 (–0.7 to 0.2)
Figure 4. Polynomial distributed lag analysis of total
nontrauma mortality versus BS adjusted for mini-
mum temperature for ages (A) 0–64, (B) 65–74, and
(C) ≥ 75 years. Percent increase in total mortality
for each 10-µg/m3 increase in mean BS for lags
0–40 days ﬁtted with a sixth-degree polynomial.
▲▲▲ ▲
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01 02 03 04 0effects of each 10-µg/m3 increase in BS daily
mean concentrations after adjustment for the
coal sale ban was 1.1% (95% CI, 0.8–1.4%;
p < 0.0001), equivalent to the results without
adjustment for the ban (Table 3).
We also assessed differences in the
temperature and/or BS effects in the periods
before versus after the ban on coal sales. We
found that each 1°C decrease in minimum
temperature was associated with an increase of
2.6% (95% CI, 2.1–3.0%; p < 0.001) in total
nontrauma deaths over the subsequent 40
days before the ban on coal sales and 2.5%
(95% CI, 1.4–3.5%; p < 0.001) after the ban.
Similarly, no differences in the temperature
effect by period were found for any of the
analyses stratiﬁed by age or cause of death. On
the other hand, for each 10-µg/m3 increase in
daily mean BS we found an increase of 1.0%
(95% CI, 0.7–1.4%; p < 0.001) in total non-
trauma deaths over the subsequent 40 days
before the ban on coal sales, but 5.4%
(95% CI, 3.3–7.5%; p < 0.0001) after the ban.
Similarly, in analyses stratified by age or by
cause of death, we found the estimated associa-
tion after the ban on coal sales was approxi-
mately five times larger than that before the
ban, suggesting a nonlinear response function.
Discussion
Temperature effects. We found an immediate
effect of warm temperatures on all-cause mor-
tality in Dublin. Each 1°C increase in tem-
perature was associated with an increase of
0.4% in total mortality on the same day
(Table 2). These heat effects were restricted to
the older population (≥ 65 years). We also
found that cold temperatures were associated
with increased all-cause mortality, which
extended for 2 to 3 weeks in all age groups.
Each 1°C decrease in temperature was associ-
ated with 2.6% increased total mortality over
the subsequent 40 days.
These effects of temperature on mortality
in Dublin were similar to reported associations
from other northern European cities. In an
analysis of mortality in Scotland, Gemmell
et al. (2000) reported that each 1°C reduction
in weekly average temperature was associated
with an approximately 1% increase in total
mortality, which persisted for several weeks.
Donaldson and Keatinge (1997) reported that
lower mean temperatures in southeast England
(including London) was associated with excess
deaths from all causes. The maximum effects
were observed 3 days after the cold peak and
effects lasted out to 40 days. More recently
Keatinge and Donaldon (2001) reported that a
1°C decrease in temperature was associated
with 3.0% increase in total deaths over the
next 24 days in greater London. Others have
also reported strong associations between
increased mortality and prolonged periods of
cold weather in London (Eurowinter Group,
1997; Wilkinson et al. 1999).
In the Netherlands Huynen et al. (2001)
found that total mortality increased in the 30
days after heat events by 2.72% for each
increase of 1°C, and increased over the 30
days after cold events by 1.37% for each 1°C
decrease in mean temperature. The largest
effect of heat was observed on the same day as
the warm temperature event, whereas mortal-
ity effects of cold extended out to 30 days. As
in our analysis, they found little effect in the
Netherlands of temperature among those
< 65 years of age.
These temporal associations with mortality
vary with cause of death. In Dublin, we found
no effect of heat events on cardiovascular
deaths, but an immediate effect of cold on car-
diovascular mortality that decreased over the
subsequent 3 weeks. The net effect of each 1°C
decrease in temperature was a 2.5% increase in
cardiovascular mortality over the succeeding 40
days. In the Netherlands Huynen et al. (2001)
reported a 1.7% increase in cardiovascular
mortality in the 30 days after each 1°C temper-
ature decrease. In Scotland, ischemic heart dis-
ease mortality increased by around 1% in the
week of and the week after a 1°C decrease in
temperature, with little association thereafter
(Gemmell et al. 2000). Winter deaths in
London due to coronary thrombosis peak
about 2 days after a cold spell (Keatinge 2002).
In an analysis of cardiovascular morality in
eight cold-climate U.S. cities, Braga et al.
(2002) found that both high and low temper-
atures were associated with increased cardio-
vascular mortality. The effect of high
temperatures on cardiovascular deaths was
restricted to the day of and the day after the heat
events, whereas the effects of cold temperatures
persisted for several days. Cardiovascular gen-
eral practitioner visits by the elderly in London
were not associated with cold temperature
(Hajat and Haines 2002).
Respiratory deaths in Dublin increased on
the day of a heat event by 0.8% for each 1°C
increase in temperature. In the 40 days after
each decrease of 1°C in temperature, respiratory
deaths increased by 6.7%. In the Netherlands
a 12.8% increase in respiratory deaths was
reported after each 1°C increase in monthly
temperature (Huynen et al. 2001). These respi-
ratory mortality effects were strongest in the
days immediately after the heat event. For cold
events they found a 5.2% increase in respiratory
deaths after each 1°C decrease in average
monthly temperature. The cold effects on respi-
ratory mortality were strongest 2 to 4 weeks
after the cold event. Winter respiratory deaths
were reported to peak about 12 days after a cold
spell (Keatinge 2002). In Scotland respiratory
deaths increased by about 1% 1 to 2 weeks after
a decrease of 1°C in weekly mean temperature
(Gemmell et al. 2000). In eight cold-climate
U.S. cities, little effect of cold temperatures on
deaths from chronic obstructive pulmonary dis-
ease or pneumonia was reported (Braga et al.
2002). General practitioner visits by the elderly
for respiratory disease in London were found to
rise by 10.5% for each 1°C drop in temperature
(Hajat and Haines 2002).
In summary, warm temperatures have an
immediate effect on mortality, specifically
cardiovascular mortality, and cold temperature
have strong effects on both cardiovascular and
respiratory mortality that can persist from days
to weeks. The mechanism by which tempera-
ture contributes to increased risk of death
varies by cause of death. These links must be
considered when assessing the cumulative
effects of air pollution on death over extended
periods of time after exposures.
Particulate pollution effects. After adjusting
for temperature effects on the same day through
40 days lag, we found a net increase of 1.1% in
all nontrauma deaths associated with each 
10-µg/m3 increase in daily mean BS in the
40 days after exposure (Table 3). Previous stud-
ies have focused on the effects of particulate air
pollution over the few days immediately after
exposure. We compared the cumulative 40-day
effects to the estimated effect for a 3-day mov-
ing average. All-cause mortality (Table 3) in
the subsequent 40 days (1.1%) was almost
Article | Lagged exposure effects
Environmental Health Perspectives • VOLUME 112 | NUMBER 2 | February 2004 183
Figure 5. Polynomial distributed lag analysis of
(A) cardiovascular, (B) respiratory, and (C) other
mortality versus BS adjusted for minimum tempera-
ture. Percent increase in total mortality for each
10-µg/m3 increase in mean BS for lags 0–40 days
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–0.4three times that for the 3-day moving average
(0.4%).
Other studies have compared the estimated
associations with acute particle exposures (1- to
3-day mean) with the estimated cumulative
associations over extended follow-up periods
(Table 4). For follow-up periods of 5 days, it
was found the estimated effect of particulate
matter < 10 µm aerodynamic diameter (PM10)
was approximately 20% higher than the
estimated effects based on the 2-day mean
(Schwartz 2000b). However, in analyses that
considered cumulative effects over 40- to
60-day follow-up periods, the estimated asso-
ciations were two to three times larger than
the acute effects of 1- to 2-day mean expo-
sures. Thus studies focusing on mortality in
short follow-up periods after particle exposure
(APHEA Project 1996; Dockery and Pope
1994; Katsouyanni et al. 1990) consistently
and substantially report smaller associations
than comparable analyses of longer follow-up
(Braga et al. 2001; Rossi et al. 1999; Schwartz
2000a; Zanobetti et al. 2002).
In this analysis we considered extended
effects of temperature and particulate air pollu-
tion simultaneously. Previous studies have con-
sidered temperature effects only in the 1–3 days
before deaths. The consistency of the Dublin
results with these other studies, despite the dif-
ferences in adjustment for temperature, suggest
that although there are substantial extended
effects of temperature, the observed particle
associations do not appear to be the result of
uncontrolled confounding by temperature as
suggested by Hennessy (2002).
We found the strongest associations within
the few days after particle exposure. We also
found decreasing associations over the first
week with negative associations 1–2 weeks
after exposure (possible harvesting), and posi-
tive associations 3–5 weeks after exposure
(Figure 1). This pattern is consistent with the
distributed lag model results for total mortality
from Milan (Rossi et al. 1999) and the analysis
of 10 European cities (Zanobetti et al. 2002).
For the younger age group (< 65 years), we
found no evidence of an extended air pollution
effect (Table 2; Figure 4). However, for the
population ≥ 65 years of age there was evi-
dence of immediate increased mortality effects
of particulate air pollution in the 4–5 days after
exposure, with a small residual increased risk
that extended for approximately 5 weeks
(Figure 4). Moreover, for the population
≥ 65 years of age there is clear evidence that the
total cumulative effect of particulate pollution
exposure over 40 days of follow-up is much
larger than the 3-day mean exposure estimates.
We found the largest relative increase in
mortality associated with particles was from
respiratory causes in the 5 days after BS expo-
sure. There was some suggestion of mortality
displacement (harvesting) shown by the nega-
tive associations 8–13 days after exposure.
However, delayed respiratory mortality risk
was significantly elevated 3–5 weeks after
exposure. The net effect of each 10-µg/m3
increase in BS concentrations was a 3.6%
increase in respiratory mortality over the sub-
sequent 40 days. This is four times the esti-
mated effect (0.9%) of each 10-µg/m3 increase
in the 3-day mean BS concentration.
In a meta-analysis of the distributed lag
effects in the 5 days after PM10 exposure in
10 U.S. cities, Braga et al. (2001) found the
largest increase in deaths from pneumonia and
from chronic obstructive pulmonary disease in
the 2–3 days after exposure. In Boston,
Schwartz (2000a) found the estimated cumu-
lative effect of particulate matter < 2.5 µm
aerodynamic diameter (PM2.5) on pneumonia
deaths initially decreased, as the follow-up win-
dow was increased from 0 to 15 days but then
increased substantially as the window was
increased to 45 and 60 days follow-up (consis-
tent with the Dublin results). On the other
hand, deaths from chronic obstructive pul-
monary disease associated with PM2.5 increased
as the window increased from 5 to 15 days 
follow-up, but then decreased to zero association
at the 60-day follow-up window. These Boston
results suggest that most of the cumulative respi-
ratory deaths attributable to particles in the
Dublin analyses may be speciﬁc to pneumonia.
Cardiovascular mortality increased imme-
diately after particle exposure but declined
within 3 days after exposure to zero (Figure 5).
There was a very small increased risk extend-
ing out to 40 days after exposure. It is possible
that this slight increase at long follow-up times
may represent cross-coding or miscoding of
some respiratory deaths as cardiovascular. The
cumulative effect of each 10-µg/m3 increase in
BS over the 40 days after exposure was a 1.1%
increase in cardiovascular mortality (Table 3).
This is almost three times the estimated effect
of the same increase in 3-day average BS
(0.4%, Table 3).
Braga et al. (2001) reported that cardiovas-
cular mortality associated with PM10 exposures
was associated most strongly on the day of and
the day after exposures, although they consid-
ered follow-up periods only through 5 days. In
Boston, the association of PM2.5 with ischemic
heart disease deaths increased monotonically as
the follow-up window increased from 0 to
60 days (Schwartz 2000a).
Issues relating to the black smoke method.
The BS method was developed to monitor pol-
lution from coal burning (British Standards
Institute 1969) and was thus well suited to
Dublin, where coal burning was the major
source of particulate pollution. BS is measured
by reflectance, where the “blackness” rather
than mass of the ﬁlter is determined. The BS
sampler has a upper cut-off at about 4.5 µm
(McFarland et al. 1982). Dockery and Pope
(1994) suggested BS is well correlated with
PM10 for the purpose of health studies. In
Dublin the effect of the ban on coal sales was
clearly seen with the BS measurements (Clancy
et al. 2002), whereas in other parts of Ireland
where there was no ban there was no change in
BS levels. Le Tertre et al. (2002) showed that
the BS measurement showed the most robust
results for cardiovascular diseases.
Conclusions
We found the effects of both particulate air
pollution and temperature on mortality per-
sisted for 3–4 weeks after exposure. We found
that the temperature effects are more pro-
longed for respiratory deaths compared to car-
diovascular deaths. We also found the effects of
particulate air pollution on mortality are
strongest on the day of and the few days after
exposure but extend out through about
40 days after exposure. This extended air pollu-
tion association is most marked for the elderly
population groups and for respiratory causes of
death. These extended follow-up effects were
two to three times greater than the acute effects
reported in other studies, and approach the
effects reported in longer-term survival studies.
This analysis suggests that the studies on the
acute effects of air pollution have under-
estimated the total effects of temperature and
particulate air pollution on mortality.
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Table 4. Estimated percent increase in mortality (95% CI) associated with each 10-µg/m3 increase in particulate air pollution in studies comparing acute effects
(1–3 days) with extended follow-up (up to 60 days).
Particle Acute effects Extended effects
Study measure Period Percent increase (95% CI) Period Percent increase (95% CI)
Boston (Schwartz 2000a) PM2.5 2 day 2.2 (1.5–2.9) 60-day window 3.8 (3.2–4.3)
Milan (Rossi et al. 1999) TSP 1 day 0.3 (0.2– 0.4) 45-day follow-up 0.8 (0.4–1.1)
Dublin BS 3 day 0.4 (0.3–0.6) 40-day follow-up 1.1 (0.8–1.3)
10 U.S. cities (Braga et al. 2001) PM10 2 day 1.1 (0.9–1.2) 5-day follow-up 1.3 (1.0–1.6)
10 European cities (Zanobetti et al. 2002) PM10 2 day 0.7 (0.4–1.0) 40-day follow-up 1.6 (0.8–2.4)
TSP, total suspended particulates.REFERENCES
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